Sixteen Bacillus thuringiensis, four Bacillus cereus and three Bacillus anthracis isolates were screened for a selection of known and putative B. thuringiensis virulence factors. PCR primers were designed to detect genes for phosphatidylcholine specific phospholipase C, phosphatidylinositol specific phospholipase C, immune inhibitor A, vegetative insecticidal protein 3A, a protein proposed to be involved in capsule synthesis, a newly identified Ser/Thr kinase homologue and enterotoxin entS. Motility, the presence of flagella, haemolysis, chitinase and lecithinase production were also evaluated. The widely varying profiles of the 23 strains from the complex provide a pool of different genotypes that can help to identify factors involved in pathogenicity. ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
Bacillus thuringiensis (Bt) is a Gram-positive entomopathogen used as a biopesticide. It is indistinguishable from B. cereus, except for the production of insecticidal proteins (N-endotoxins) as an inclusion body during sporulation [1] . In the past, classical methods for bacterial identi¢cation, phospholipid and fatty acid analysis, DNA hybridisation and 16S rRNA sequence comparisons failed to distinguish between the two species [2] . Plasmids encoding the N-endotoxins are readily transferred between the two in vivo [3] and cry1A N-endotoxin speci¢c DNA probes hybridise with DNA from some B. cereus strains [4] . The two species have been shown to have several virulence factors in common. These include the antibiotic zwittermicin A [5] , two haemolysins [6, 7] , a haemolytic complex [8] and several enterotoxins [9^11] . Many of these virulence factors are regulated by the same protein in both species [12] . The safety of Bt has been extensively tested and monitored over several decades because of its widespread use as an aerial spray mixture of spores and N-endotoxin crystals. A few reports of the isolation of Bt from humans have appeared, but all these appear to describe opportunistic events, involving a compromised individual or exposure to extremely high levels of spores [13^17] . The di¤culty in distinguishing between the two species, the readily transferred N-endotoxin genes, the presence of a common regulator of virulence and the possession of several identical virulence factors have prompted the suggestion that B. cereus could be considered a parent species from which Bt and possibly B. anthracis were derived by acquisition of plasmids carrying host speci¢c virulence factors. A few reports have screened Bt isolates for individual virulence factors such as enterotoxins [9^11,18] , L-exotoxin [18] or vegetative insecticidal protein 3A (Vip3A) [19, 20] . Here, we report, for the ¢rst time, the comparative screening of Bt, B. cereus and B. anthracis for a broad range of Bt virulence factors. In all tables, Bt strains are displayed by their serovar, i.e. kurstaki HD1 instead of B. thuringiensis subsp. kurstaki HD1. On the basis of biochemical tests, the laboratory isolate IB825 was originally designated a Bt strain. Further examination revealed that no N-endotoxin crystal protein was produced, but that large ¢brous appendages were attached to the spore. Serotyping was negative because the strain is non-£agellated. A strain with very similar morphology was reported recently and classi¢ed as B. cereus [23] . Because of this, we have tentatively classed IB825 as B. cereus.
Materials and methods
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Growth conditions
All strains were grown in Luria^Bertani (LB) broth or brain-heart infusion (BHI) medium. Plates were prepared by the addition of 1.8% (w/v) bacteriological agar. Incubations were at 30³C. Bacterial strains were stored in LB containing 15% (v/v) glycerol at^80³C.
Oligonucleotides and conditions for polymerase chain reactions (PCR)
Unless otherwise indicated, all primers in Table 1 were designed using Primer Select from the DNAStar software package (DNAStar Inc.). Primers PC105 and PC106 were designed to detect the piplc gene in Bt and B. cereus only [36] . We designed a second set of primers to detect this gene in B. anthracis by aligning the Bt gene with the homologue of B. anthracis from the TIGR database (http:// www.tigr.org). Bt/cPCPLC1 and Bt/cPCPLC2 for the detection of plcA were based on conserved sequences selected by alignment of the Bt, B. cereus and B. anthracis genes. Because the btcap, btpk1 (accession number Y10168) and vip3a genes are so far unique to Bt, the primers for their detection were designed from these genes only. The primers for the speci¢c detection of entS were the published primers TY123 and TY125 [30] . The entS gene sequence was kindly provided by Professor Toshihiko Iizuka, Department of Applied Bioscience, Faculty of Agriculture, Hokkaido University, Sapporo 060, Japan, (tiizuka@abs. agr.hokudai.ac.jp). Primers DGInA1 and DGInA2 detect the inA gene in Bt and B. cereus only. We designed a second set of primers to detect this gene in B. anthracis by aligning the Bt gene with the homologue of B. anthracis from the TIGR database. Template DNA for PCR screens was prepared by transferring two loops from an overnight LB plate culture into 500 Wl distilled water. Samples were twice frozen and thawed and boiled for 10 min; the debris was pelleted by centrifugation (13 000Ug, 10 min). 5 Wl of supernatant was used for each reaction. Distilled water was used in negative control reactions. PCR reactions were carried out using PCR Master Mix (Advanced Biotechnologies) as recommended by the manufacturer with 400 nM primers in a ¢nal volume of 50 Wl. All reactions were analysed on 2% (w/v) agarose gels run in 1UTBE. Reactions were carried out once only when distinct bands were visible. In other cases, reactions were repeated with more stringent conditions. Details of the reactions are given in Table 1 .
Motility and presence of £agella
Motility was assessed by dotting each strain from frozen glycerol stocks onto motility plates [1% (w/v) tryptone, 0.5% (w/v) NaCl, 0.3% (w/v) agar]. The plates were incubated overnight in an upright position sealed in plastic bags. A strain was scored as motile if the colony was observed to spread out from the inoculation site. Nonmotile strains grew as solid colonies. The appearance of £agella was determined by negative staining and electron microscopy. Samples were placed on copper grids and stained with 1% phosphotungstic acid for 1 min before examination in a Philips EM 300 electron microscope with an accelerating voltage of 80 kV and photographing on Kodak EM ¢lm.
Haemolytic activity
Blood agar plates were prepared by adding 25 ml of sterile human blood (AB ) to 20 ml of sterile phosphate bu¡ered saline (PBS). After centrifugation at 2500Ug for 3 min the clear supernatant was removed and fresh PBS (20 ml) was used to resuspend the blood. The mixture was centrifuged again and the clear supernatant was removed. 25 ml of blood was added to 1 l of either LB or BHI medium containing 1.5% (w/v) agar held at 50³C. The production of haemolysins was assessed by transferring the strains from glycerol stocks onto blood agar plates. The strains were inoculated onto both types of blood agar and incubated at 30³C. Haemolytic activity was indicated by clear zones around the colonies. The plates were scored after 24, 48 and 72 h.
Chitinase activity
Chitin plates with ¢nely dispersed chitin were prepared as described previously [24] . Plates were inoculated using frozen glycerol stocks and incubated for 10 days at 30³C.
Lecithinase activity
To assess lecithinase activity, plates were prepared by adding egg yolk emulsion (Oxoid) to 5% (v/v) to LB and BHI medium containing 1.8% (w/v) agar after the medium had cooled to 60³C. Each strain was inoculated onto both types of plates and incubated at 30³C. Lecithinase production was indicated by opaque zones around the colonies. Plates were scored after 24, 48, 72 and 88 h.
Results and discussion
Tables 2a,b and 3 summarise the results. The majority of factors investigated in this study have previously been shown to contribute to the virulence of other pathogens. The newly identi¢ed genes btcap and btpk1 [25] are potential virulence factors because they show signi¢cant sequence similarity with virulence factors in other pathogens. For example, btcap has a Gram-positive homologue in Staphylococcus aureus (CapI) implicated in the synthesis of the polysaccharide capsule and a Gramnegative homologue in Escherichia coli associated with the polysaccharide chain length determinant of lipopolysaccharide [25] . btpk1 displays similarity to eukaryotic Ser/ Thr kinases produced by a number of other pathogens, including Yersinia pseudotuberculosis, that interfere with signal transduction pathways in the host cell [26, 27] . Table 2a ,b shows that the di¡erent Bacillus strains have broadly varying pro¢les. Only two pairs of strains displayed identical pro¢les : subsp. galleriae HD173 and subsp. aizawai HD249 were negative for btcap, inA and lecithinase, while both B. thuringiensis subsp. fukuokaensis strains had all factors, except vip3A. Bt isolates MEX312 and YBT have all but two of the screened factors, but the two strains are lacking di¡erent virulent determinants.
B. cereus T harboured fewer of the virulence factors than the two food poisoning strains. This suggests that the factors selected in this study might play an important role in virulence. Speci¢cally, B. cereus T does not have (Table 2a) . The immune inhibitor A gene (inA), detected in the B. cereus food poisoning strains and the B. anthracis isolates, was originally isolated from B. thuringiensis [28] . Because this protease speci¢cally degrades antibacterial proteins (attacins and cecropins) produced by the insect, it was generally believed to be Bt and insect speci¢c. Therefore the discovery of homologues in B. cereus and B. anthracis is unexpected. Although the InA protein has recently been found in the exosporium of B. cereus [29] , the role of this supposedly insect speci¢c protein in B. cereus is unknown. It would be interesting to determine if it has a target in higher animals.
Bt and B. cereus are known to produce several enterotoxins. entS encodes a 45-kDa enterotoxin that was originally found in B. cereus [30] . Most Bt isolates used in this study were positive for entS. The fact that B. cereus NCTC 11143 does not contain entS correlates with its pathotype as this strain causes emetic syndrome rather than diarrhoea. The PCR products obtained from the B. anthracis isolates were sequenced and were found to be more than 96% identical to entS. The discovery of entS in B. anthracis is the ¢rst report describing the presence of this gene in this organism.
The importance of £agella in the Bt infectious process is unclear. Studies showed that non-motile, £agellated mutants of Bt were less virulent in early stages of insect infection [31] . Several isolates tested here were found to be non-motile, but £agellated. The highly potent B. thuringiensis subsp. kurstaki HD1 is the most £agellated among the non-motile isolates.
At least four haemolysins have been reported in Bt and B. cereus [6, 8] . The present study does not set out to discriminate between these toxins since it only scores haemolytic activity. However, in some cases the haemolytic complex formed by phosphatidylcholine speci¢c phospholipase C (PCPLC) and sphingomyelinase [8] can be eliminated as the haemolysin. For example the four strains B. thuringiensis subsp. galleriae HD173, subsp. wuhanensis HD525, subsp. aizawai HD249 and B. anthracis ASC185 are lecithinase negative, but are haemolytic, which suggests that haemolysis in these strains is not caused by PCPLC. It is also possible that factors present in the blood agar but not in the lecithinase plates induce PCPLC production in these three strains. Although the gene encoding PCPLC is present in all 23 strains investigated here, six of these strains do not hydrolyse egg yolk, suggesting tight regulation of PCPLC synthesis or activity. PCPLC together with phosphatidylinositol speci¢c phospholipase C (PIPLC) has been shown to be regulated together with other virulence factors in Bt and B. cereus by PlcR [12] . A homologue of piplc with 91% identity was found in B.
anthracis following a search of the TIGR database. As primers PC105 and PC106 were designed to detect this gene in Bt and B. cereus only [36] , a second set of primers was designed to detect this gene in B. anthracis. Products of the expected sizes were detected for all three B. anthracis isolates (Table 2a) . B. anthracis ASC182 and ASC185 both displayed haemolytic activity, albeit only after incubation for 48 h unlike the other strains which were haemolytic as soon as colonies were visible. This is surprising since one of the diagnostic features reportedly distinguishing B. anthracis from other bacilli is the absence of haemolysis [32] . It is possible that certain factors not present in these pXO1 3 strains normally act to repress the synthesis of haemolytic factors in B. anthracis. In the case of B. anthracis, haemolysis as well as lecithinase activity occurred after 48 h of incubation in contrast to approximately 6 h for the other strains. This suggests that there is a regulatory mechanism in these strains that may be obscured in virulent isolates.
With the exception of IB825, all the Bt and B. cereus strains were able to utilise chitin as their sole carbon and nitrogen source. If B. cereus was able to infect insects, chitinase production could be advantageous. However, reports claiming B. cereus insecticidal activity were published in the 1950s [33, 34] when the importance of the cytoplasmic crystal as a distinguishing characteristic and its synthesis only during sporulation were not widely recognised. These isolates may therefore have been Bt. When grown on chitin as a sole carbon and nitrogen source, some strains showed more translucent sectors in their colonies (data not shown), indicating plasmid loss. In all cases where this occurred, chitinase activity was increased in the region adjacent to these sectors. None of the three B. anthracis isolates was able to grow on chitin alone. As chitin is not found in the mammals that are targeted by B. anthracis, the absence of chitinase activity is not necessarily surprising. Agaisse et al. [12] reported the presence of a truncated form of the virulence factor regulating protein PlcR in B. anthracis. Similarly, chitinase genes might be present, but not expressed because of a defect in a transcriptional regulator.
The relationship between these three species is subject to frequent discussion and there are no clear distinctions between B. cereus and Bt. Using a series of molecular identi¢cation methods, B. anthracis can be di¡erentiated from B. cereus and Bt [35] . Several genes and phenotypes studied in this report were speci¢c to B. thuringiensis and B. cereus, but not B. anthracis (Table 3 ). The pattern of the bold areas in Table 3 might re£ect an evolutionary relatedness between the three species. Bt and B. cereus are both opportunistic pathogens of higher animals, although Bt is highly pathogenic to insects. As mentioned earlier, B. cereus has been implicated in insect mortality in early studies [33, 34] . These two species are therefore more closely related to each other in pathotype than they are to B. anthracis which is a highly virulent pathogen only of higher animals. The fact that Bt is a highly virulent insect pathogen, while B. cereus is at most opportunistic, might explain why only Bt has vip genes. Earlier studies detected vip3A in 23% [20] of the Bt strains screened. Considering that the sample size in [20] was almost eight times higher than in the present study, the numbers are in agreement. By colony screening, Estruch et al. [19] detected Vip3a-like sequences in 15% of Bacillus strains tested. Since this earlier report did not identify the Bacillus strains used, Vip3a could be present in some B. cereus strains. The presence of btpk1 in almost all virulent strains of Bt and B. cereus and its absence from the avirulent isolates supports the suggestion [25] that this eukaryotic kinase homologue may play an important role in virulence. Assessment of the virulence of the strains used in this report could provide further data on the roles of several factors discussed here. These studies would be complicated by the fact that di¡erent Bt strains kill di¡erent insects. A possible alternative to insects would perhaps be to conduct such studies in a non-insect host, such as mice, which would provide an equal baseline for all strains tested.
